IntroDuctIon
The threat of landmines detonating below a vehicle is well known and is widely used in areas of conflict to the advantage of the military or civilian forces. Protecting a vehicle against such a threat is an ongoing research topic at various research institutes. At these institutes and universities, a wide range of protection measures are being investigated by various researchers that can be utilised against such a threat.
From the vehicles in use at present, it appears that the shape of the bottom part of the hull that is exposed to a landmines threat is still the most important aspect used for protection. An analysis of a number of land mine incidents and modifications to vehicles 1 confirm the design principles used since the seventies of the previous century. Vehicles below 20 tons use mainly a V-shaped hull with varying enclosed angles, from a sharp wedge shaped hull such as the CASSPIR 2 to a lesser pronounced wedge used in the RG31 3 or Mamba 4 Armoured Personnel Carrier. Flat bottom structures are normally used for vehicles over 20 tons such as the Patria Armoured Modular Vehicle 5 , tanks and armoured fighting vehicles. In all these vehicles, the load path of the momentum transfer is directed along the sides to minimise impact on the occupants. The vehicle consists of a stiff outer shell, so that the occupants can be accommodated inside without obstacles (such as struts between the roof and the floor for additional strength). The mitigation of shock loading on these vehicles should be contained within the outer shell as not to compromise the protection of the occupants.
The loading mechanism of a detonating landmine below a vehicle is well-established 1 . The expanding gasses transfer the momentum to the exposed bottom section of the vehicle within a millisecond. The structure responds (by deformation for instance) within one or two milliseconds to this rapid momentum transfer. It is expected that the protection provided by the bottom section of a vehicle should be able to deal with such a rapid event.
Extensive research conducted by various research institutes published a variety of results. An example is the mine blast loading experiments 6 that provide an overview of this research in terms of the effects on damage and impulse by the soil conditions and the hull structure. Improvement of protection measures is normally company confidential and is very difficult to assess in isolation. . These measures are applicable to a frontal or side impact and occur over a few milliseconds. Some of these measures may become available if the time response range of the structures loaded by an explosive blast is altered to be within milliseconds instead of microseconds.
One way of doing just that is to have a particular structure (or component), that is exposed to the blast loading. Patents 8, 9 describe the absorption components of typical sections added to a vehicle designed for protection against land mines. The momentum of the blast is transferred to this section and subsequently to the remainder of the vehicle. The transfer of momentum is then reduced by collapsible elements. These elements may collapse by a variety of means and are not stipulated in the patents.
The same principle can be used as the collapsible structural elements in the front and rear end of a vehicle. In this paper, an experimental and computational analysis of such a protection principle for land mines is presented. The principle consists of three elements, namely a stiff structural section (a V-shape body) exposed to the explosive blast, a dedicated load path for the momentum transfer between this section and the remainder of the hull and a collapsible structure that interrupts (or prolongs) this momentum transfer. Any of the three elements currently in existence can be used in this combination.
teSt Set-uP
The three tests described below consist of two bodies subjected to a 0.667 kg PE4 charge (equivalent to C-4) with diameter to height ratio of 2, buried flush with the sand surface. The first test set-up consists of a half-scaled V-shape body, rigidly attached to an instrument to capture the imparted impulse (fixed configuration). This test acts as baseline for the following tests. The second and third test set-up consists of inserting a collapsible element between the V-shape structure and the instrument that captures the imparted impulse (collapsible configuration).
SIIMA captures the upward forces exerted by an explosive charge positioned below the moving mass (Fig. 1) . SIIMA consists of a rigid frame with a suspended moving mass of approximately 8500 kg 10 and represents a gigantic mass-damper system. The test platform is added to the moving mass and sixteen load cells capture its response. The integration of the force time histories yield the impulse imparted to the moving mass. The exposed area of the moving mass is 1200 mm by 1200 mm. The soil pit (diameter 3000 mm and about 1500 mm deep) is filled with a specially formulated sand mixture. The experimental work was conducted at the DBEL outside Pretoria, South Africa.
The frame to which the test platforms are bolted onto is made out of steel channels 150 mm wide and with flanges of 100 mm. The frame is welded onto a 20 mm plate that is bolted onto the moving mass of SIIMA. The mass of the frame and plate is 348.5 kg.
V-shape test Platform 1
The design of the V-shape test platform 1 is shown in Fig. 2 . The body is rigidly attached to a frame that is in turn rigidly attached to the moving mass. The length and width of the blast facing V-shape is 600 mm. The height of the V is 200 mm and the enclosed angle of the V is approximately 112°. The ground clearance of the test platform lowest point is 200 mm. This type of design was first used in the CASSPIR vehicles 2 , but with a smaller and hence sharper enclosed angle. Commercially graded mild steel of 8 mm thick is used with a capping (also 8 mm thick) at the bottom of the V for additional strength. The mass of the V-shape test platform 1 is 104.5 kg.
V-shape test Platform 2 and 3
In order to investigate the usage of collapsible elements in the protection design, thin pre-formed plates were inserted between the V-shape body and the moving mass, the latter representing the vehicle structure. The design of such a collapsible structure is not straightforward and a simple (and probably very inefficient) design was chosen to illustrate the principle. The insertion of this element is a deliberate step to interrupt the load path followed by the force exerted by the landmine. This is similar to protecting the occupants inside the cabin of a crashing vehicle.
The exposed protection element (the V-shape structure) to the landmine is very stiff and will not compromise the dedicated load path (via the collapsible elements).To have the same standoff distance, the height of the V-shape body was reduced by 50 mm to incorporate the height of the collapsible plate element. The design of the collapsible plate is simple (for the test) but it is anticipated that the design can become more intricate to accommodate the load scenario of a mine-protected vehicle. Figure 3 shows the set-up of the test platform with a collapsible preformed plate. The collapsible pre-formed plate is inserted between the frame and the V-shape body and is clearly visible. The height of the collapsible pre-formed thin plate is 50 mm and the thickness is 2 mm. The mass of the test platform is 68.5 kg. The ground clearance of the test platform lowest point is 200 mm. The sand was wet, but not saturated. Because of the special soil formulation, this type of wet soil increases the impulse marginally 11 .
area under the first peak of the force over time in Fig. 4 and up to about 20 msec. This is considered the momentum transferred to the system by the blast loading. The remainder of the curve represents the impulse as the spring damper system absorbs the energy. The average impulse refers to the total momentum transferred between the two sets of bump stops that dampen the motion of the moving mass. The results in the sections below refer to the peak and average imparted impulse.
The vertical displacement of the moving mass is very little and is captured by a linear variable differential transformer. The peak displacement is 0.85 mm and is shown in Fig. 6 . The response of the moving box to the blast load takes longer as the maximum displacement occurs at approximately 280 msec after detonation.
teSt reSultS
Three tests were executed on DBEL. The results are briefly described below in terms of deflection, imparted impulse and peak force. 
meaSurInG tHe ImParteD ImPulSe
SIIMA captures the force with sixteen load cells exerted by the moving mass. Figure 4 shows the total force exerted by the moving mass on the load cells (tied to a rigid body) for the test below with platform 3. Note the oscillatory nature of the force due to the response of the suspended mass (spring-mass damper system). The function of the dampers is to absorb the energy and reduce the motion of the moving mass after the loading event. The region of interest is therefore the peak force and the area below. The time zero on the horizontal axis is the time of detonation. The peak force occurs at approximately 20 msec after detonation.
Integration of the force over time yields the imparted impulse of the buried charge below the moving mass. Figure  5 shows the imparted impulse over time. Note the oscillatory nature of the imparted impulse. The first peak represents the Figure 7 shows the damage to the V-shaped body after the test. The exposed bottom plates and capping has deformed slightly at the centre of the V. The deflection of the mid-point (with the capping) of the V-shape is 12 mm. The deflection of the side of the V is 25 mm (measured perpendicular on the surface). The peak imparted impulse captured by SIIMA is 1.475 kNs and the average imparted impulse is 1.015 kNs. The peak force is 162 kN and the maximum displacement is 0.85 mm.
V-shape test Platform 1

V-shape test Platform 2 and 3
The test platforms after the detonation are shown in Fig. 8 and the results are very similar. The preformed plate has folded up as a result of the upward motion of the V-shape body. Once the preformed plate folded close, the upward momentum of the V-shaped body pushed against the frame. The result is that the body was pushed into the frame, as shown in Fig. 8 . This implies that the design of the collapsible element is not optimal.
However, it clearly illustrates the effect of the momentum transfer.
The deformation of the V-shaped platform 2 at the centre of the V is 14 mm. The deflection of the mid-point (with the capping) of the V-shape is 14 mm. The deflection of the side of the V is 35 mm (measured perpendicular on the surface). The peak imparted impulse captured by SIIMA is 1.472 kNs and the average imparted impulse is 0.852 kNs. The peak force is 153.2 kN and the maximum displacement is 0.85 mm. The V-shape element displaced about 16 mm into the frame.
The deformation of the V-shaped platform 3 at the centre of the V is 19 mm. The deflection of the mid-point (with the capping) of the V-shape is 19 mm. The deflection of the side of the V is 35 mm (measured perpendicular on the surface). The peak imparted impulse captured by SIIMA is 1.406 kNs and the average imparted impulse is 0.832 kNs. The peak force is 42.3 kN and the maximum displacement is 0.87 mm. The V-shape element displaced is also about 16 mm into the frame. Table 1 contains a summary of the measurements of the tests. The damage to the V-shape body increased from the rigid set-up (platform 1) to the frangible set-up (platform 2 and 3). The reason may be ascribed to a number of factors of which the important one is that the material for platform 2 and 3 is from a different batch as platform 1. Commercially graded mild steel have yield point over a range from 180 MPa to 240 MPa. Equally important, the body in platform 2 and 3 is slightly smaller and lighter as the one used in platform 1. It will therefore deform more as the area on which the pressure acts is smaller. the size of the mesh) subject to boundary and initial conditions. An appropriate material model solves the equation of state, strength and failure of the material 13 . The computation of the damage and imparted impulse of each experiment were analysed and compared with the measurements from each test. The computational model of SIIMA consists of the moving mass, the air surrounding it and the soil pit. The moving mass is free in air and not constraint in any way and the damping mechanisms are not included in the model. The modelling approach is similar to the ones followed previously 11, 12 . Added to the moving mass is the test platform modelled with shell elements. The computational modelling of the event up to five milliseconds captures the momentum transfer to the moving mass and the response of the test platforms. Quarter symmetry is used in setting up the computational models in order to reduce computation time with the effect that asymmetrical phenomena will not be calculated. Each of the computations took 18 hrs to complete.
Discussion
computational model
The air and explosive gas are modelled with an Eulerflux corrected transport (FCT) solver, which uses only the ideal equation of state. The cubic element has a side length of 15 mm. The explosive is modelled as compressed air with internal energy and density equivalent to C-4 (an explosive very similar to PE4). The expansion of the gases is calculated using the ideal gas equation of state. The sand in the soil pit and the moving mass are modelled with the Lagrange solver, using eight node elements. A graded mesh is used with smallest cubic element with side length of 6 mm. The cubic elements in the moving mass have a side length of 20 mm. The test platforms are modelled with the Lagrange solver, using two dimensional shell elements (size 20 mm by 20 mm).
The Euler-Lagrange interaction algorithm controls the interaction of the expanding gas in the Euler-FCT mesh. The Lagrange interaction algorithm using a gap size to determine the onset of interaction controls the interaction of the materials modelled with the Lagrange meshes. The materials used for the computations are given in Table 2 . The material parameters are The change in imparted impulse is of interest. The average impulse (that incorporates the damping elements in SIIMA) was reduced considerably (by more than 15 per cent) while the peak imparted impulse remained the same. This phenomenon is investigated by computational analysis and discussed more deeply in the following section.
The average imparted impulse of the three tests is in the same order of the impulses obtained by a different method 6 with 0.625 kg Comp B, depth of burial 50 mm and ground clearance 200 mm for a V-shape plate with enclosed angle of 120°. The plate displacement was used to obtain the imparted impulse.
comPutatIonal analYSIS
The computational analyses had been done with ANSYS AUTODYN on a Dell Precision dual 2.6 GHz Pentium processor. ANSYS AUTODYN solves the conservation laws of momentum, mass and energy at every time step (determined by obtained from published data where possible and are contained in the AUTODYN material library.
The computational model set-up for test platform 1 is shown in Fig. 9 (reflected about the symmetry planes) . The model shows the sand pit, explosive buried flush to the surface, the test platform, frame and moving mass. The surrounding air is not shown.
plate is 2 mm thick and 50 mm wide. The modelling of the frame is slightly different from the one used in the test. In the test, a cylindrical beam is used instead of a channel.
The collapse of the preformed plate is shown in Fig. 13 at various times. At 750 microseconds after detonation, the plates are starting to collapse. The flow of expanding explosive gases are deflected by the V-shape body and the interaction with the surface provides enough upward directed force. 
V-shape Platform 1
The V-shape test platform computational model is shown in Fig. 10 reflected about the symmetry planes and the thickness of the shell elements for display purposes. The capping of 8 mm thick is clearly visible.
The computational result (shown in Fig. 11 ) at 5 msec agrees fairly well with the experimental test result. The deflection is calculated as 12.6 mm and the deflection of the side is 26 mm. Some damage to the frame is visible, while minimal damage to the frame occurred in the test. The final mid-point deflection of the V-shaped plate and the deflection of the side plates making up the V are shown in Table 3 .
The calculated imparted impulse agrees well with the peak imparted impulse but over-predicts the average measured impulse with more than 30 per cent. This is because the damping elements of SIIMA are excluded from the computational model.
The agreement between the computational and experimental results paved the way to investigate the response of the body in the other two tests.
V-shape Platform 2
The computational model showing the preformed collapsible component is given in Fig. 12 , with the mesh reflected about the symmetry planes. The relative thicknesses of the various plates are also shown. The collapsible mild steel computational model exclude any asymmetrical response (as is apparent from the test results in Fig. 8 ). The deflection of the V-shape is calculated as 13.6 mm and the deflection of the side plate is 30 mm. The final mid-point deflection of the V-shaped plate and the deflection of the side plates making up the V are shown in Table 4 . The deflection of the plates of the body is under predicted by about 40 per cent. The deformation of the body from experimental results of platform 2 and 3 differs from the results of platform 1. The material used to construct the bodies is from different batches of commercially graded mild steel and may have lead to the differences in values.
The calculated imparted impulse agrees well with the peak imparted impulse but over-predicts the average measured impulse with more than 30 per cent. This is because the damping elements of SIIMA are excluded from the computational model. The upward motion of the body causes the collapse of the preformed plates. At 1.5 msec after detonation, the preformed plates have collapsed sufficiently to affect the impulse and the flow of explosive gases around the V-shaped body. At 5 ms, the computation was stopped as the preformed plates collapsed completely.
The computational result as shown in Fig. 14 
Discussion
The difference between the calculation of the deflections of platform 2 and 3 and the measured values can be ascribed to a number of factors noted previously in section 4.3. The body in platform 2 and 3 is slightly smaller and lighter as the one used in platform 1 and it will slightly deform more as the area on which the pressure acts is smaller. This is supported by the computational analysis.
The upward motion was such that the preformed plate collapsed as the experimental evidence in Figure 8 indicates and the computational analysis in Fig. 13 shows. The computational analysis calculated the average upward velocity of the centre of gravity of the blast facing V-shape body for both the collapsible configuration and the fixed configuration. Figure 15 shows the upward velocity of two components of each set-up. For the fixed body as shown in Fig. 9 , the upward velocity of the V-shape body and the floor is shown and for the collapsible structure, the V-shape body and the cover as shown in Fig. 12 . It is evident that the collapsible plate allows the V-shape body and cover to decelerate at a slower pace as for the fixed case. At about 5 msec, the upward velocity is almost zero for all the components. Note the high initial velocity attained for the V-shape body, namely 25 m/s. The fixed configuration oscillates about zero from about 1.5 msec while the collapsible configuration decelerates and displaces upward.
The centre of gravity of the collapsible configuration displaces 50 mm in five msec, as is evident from Fig. 16 . The centre of gravity of the fixed configuration displaces about 12 mm in one msec and oscillates about this displacement as the moving mass is preventing any further upward motion. This 12 mm upward displacement is due to the deformation of the V-shape component facing the blast. The 50 mm displacement of the collapsible configuration contains also an element of deformation of the V-shape component facing the blast.
Let us turn now to the computation of the imparted impulse (or momentum transfer) that agrees with the peak impulse recorded by SIIMA. The calculation of the peak impulse value under predicts the measured values by not more than 10 per cent (the worst case). By the law of conservation of momentum, the total imparted impulse time histories are very similar for the two configurations as is evident from Fig. 17 . However, the composition of the total imparted impulse differs substantially between the two configurations. The trend is similar to the upward velocities depicted in Fig. 15 . The momentum transfer to both test platforms is a maximum before 0.5 msec, after which the momentum transfer to the moving mass of the fixed configuration is completed after about 1.5 msec. The momentum transfer to the moving mass of the collapsible configuration is completed after five milliseconds.
concluSIon
A summary of the data captured by SIIMA for the three test platforms are shown in Table 5 . By the law of conservation of momentum, similar peak imparted impulse values are expected. The average imparted impulse, however, was reduced by between 16 per cent to 18 per cent by adding a collapsible element in the load path. This trend is despite the fact that a lower D:H ratio was used for the explosive charge (which gives a lower impulse of about 5 per cent) and the condition of the sand in the soil pit (wet for these tests and dry for the Test #3). Wet soil increases the impulse marginally 11 for buried charges.
The average impulse is a result of the total imparted impulse to the measurement system represented by SIIMA. In other words, the total momentum transferred after the response of the damping system is filtered into the motion of the moving mass. The response of the gigantic spring mass damper system to an explosive charge can be interpreted as the response of a vehicle with a body attached to the bottom section. It is evident that the collapsible configuration translates into a reduction of momentum transfer of the complete vehicle by 16 per cent to 18 per cent. The collapsible configuration is by no means optimal. The structural engineer should optimise the collapsible configuration according to the vehicle mass, the integration of the body into the vehicle structure and the stroke length of the collapsible element.
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